Abstract-
Study of Atmospheric Boundary Layer
Thermodynamics During Total Solar Eclipses obscure the Sun, is referred to as the second contact and the end of totality as the third contact. These are marked in the subsequent figures in Roman numerals [1] . Obviously, the Moon's shadow cools the atmosphere. In the area covered by umbra (the darkest part of the shadow, II and III), a change in the flux of incident solar radiation is observed. It involves a decrease of the flux as well as the modification of the incident radiation [7] . The lunar shadow cone contributes even to noticeable mesoscale changes in meteorological parameters in that area. However, the changes are mainly observable at local scale. The most important indicator of thermodynamical processes is air temperature and water vapor in the boundary layer. The atmospheric boundary layer (ABL) temperature generally depends on the flux of solar radiation and on some features of the ground (albedo, absorptivity, and emissivity) and air (humidity) [7] . Rapid cooling of the surface at maximum eclipse leads to the cooling of the lower atmospheric layers [1] , [7] . Some of the previous eclipse observations show that wind speed also decreases with decreasing air temperature [1] , [2] , [4] . A gradual cooling of the ABL and the reduction in turbulent transport as the atmosphere stabilizes should reduce wind speed during an eclipse. However, natural variations in wind speed before and after a solar eclipse make it difficult to identify a true effect of an eclipse on wind speed [1] , [2] , [4] . There are some more important meteorological aspects of the total eclipse of the Sun [1] - [4] . An unwelcome meteorological phenomenon occurring during the eclipse is the appearance of clouds due to air cooling [1] , [3] , [6] . Generally, during solar eclipse near surface temperature, wind speed, solar radiation, pressure, and humidity are measured [3] , [4] , [6] . In our experiments, we firstly managed to continuously measure ABL temperature profiles simultaneously in two points with the two microwave temperature profilers (MTP-5) before, during, and after solar eclipses [11] .
On March 29, 2009, a total solar eclipse was observable from a narrow corridor across the globe. The passage of the Moon's shadow began at sunrise in Brazil, continuing across the Atlantic to Africa, further across Ghana, Togo, Benin, Nigeria, Niger, Chad, Libya, a small parts of Egypt, and over the Mediterranean Sea to cover Greece and Turkey, proceeding across the Black Sea, Georgia, Russia, and Kazakhstan to reach Western Mongolia, where it ended at sunset. At the southwest of Russia (the Caucasus area) the total eclipse started at 15:15 P.M. local time (Kislovodsk) and lasted for 2 min 32 s (as observed in Kislovodsk, where observational tools were installed).
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High-resolution meteorological data were obtained at two stations near Kislovodsk city. To study the ABL thermal regime, two microwave temperature profilers MTP-5 were used (Table I) . Additionally, net-radiometer CNR-1 (net radiative density is the difference between the total downward radiation -longwave and shortwave and the total upward radiation), pyranometer CM-3, UV-radiometer UV-S-B (all from Kipp&Zonen), ultrasonic anemometer, instruments for aerosol measurements, Brewer spectrophotometer, and some other equipments were employed [9] , [10] . One temperature profiler was installed in the center of Kislovodsk [height 890 m above sea level (a.s.l.)], and the other one was installed about 18 km far from Kislovodsk (ShadHgatmaz mountain scientific station, 43.43N; 42.66E, height 2070 m a.s.l.) [9] . Fortunately, the weather favored observations (anticyclone and cloudless conditions). Total solar eclipse effects were considered to evaluate its influence on thermal vertical stratification, which is remotely measured to study the dynamic response of the ABL. The values of the temperature gradients as a function of height, time delay, and distance were calculated [11] .
The second field project was fulfilled during total solar eclipse of August 1, 2008 . It could be observed from a narrow corridor across northern Canada, Greenland, central Russia, eastern Kazakhstan, western Mongolia, and China. The largest site along the path of the eclipse was Novosibirsk, Russia (55.01N, 82.56E), where our instruments were installed. Scientists from several institutes and universities worked together to study the effects of the total solar eclipse from multiple viewpoints [10] . In Novosibirsk, the total eclipse began at 17:43:59 local time, and ended at 17:46:21, its duration (II and III) was 2 min 22 s [10] . Generally, early August in Novosibirsk is characterized by quite clear and stable weather. Nevertheless, on August 1 in the first part of day, the weather was predominantly cloudy and very windy. Fortunately, about 2 h before the beginning of the eclipse convective clouds started dissipating, and the sky became relatively clear. In addition to the equipment used during the solar eclipse on March 29, 2006, we used other two microwave radiometers to measure total water vapor content (one operating at 22.23 and 20.73 GHz frequencies and the other at 140 GHz frequency) [11] . During the experiment in Novosibirsk, two microwave temperature profilers MTP-5 [12] - [17] were installed apart 25 km along the shadow path [12] - [17] . One of them was placed in the central part of the city and the other one in the territory of the Academy Village of Russian Academy of Sciences. Total water vapor content Q was measured in the center of Novosibirsk.
The solar eclipse of January 4, 2011, was a partial eclipse that was visible after sunrise over most of Europe, NorthWestern, and South Asia. It ended at sunset over eastern Asia. This partial solar eclipse (the total phase was 0.813) occurred in Moscow on January 4, 2011. The eclipse began at 10:38:00 and ended at 13:30:00 (Moscow time). The beginning of the eclipse took place in conditions of almost continuous cloudiness, its middle and end were marked by breaking clouds, and its maximum phase was observed in a nearly cloudless atmosphere. Two temperature profilers (MTP-5) were placed In summary, measurements of ABL temperature profiles were carried out during two total and one partial solar eclipses, using modern remote sensing instruments and microwave temperature profilers. In contrast with in situ measurements (radiosonde), they permitted continuous measurements and collecting data on the influence of solar radiation on the ABL thermodynamics parameters over an urban area, and over a field and a forest [12] - [17] .
II. MATERIALS AND METHODS
Ground-based microwave remote sensing instruments offer a potential to provide regular information on temperature and humidity profiles in real time [15] . To fulfill temperature profile measurements, we used two stationary microwave profilers MTP-5 operating in single channel, elevation scanning mode with a central frequency of 60 GHz [12] - [17] . To measure the difference between thermal spatial responses of the ABL over different surfaces, two identical MTP-5 profilers were installed about 20 km apart for each of the experiments. Before each of the three eclipses, both instruments were installed at one place, and were in continuous simultaneous operation for comparison with each other and with radiosonde data. The specifications of the microwave temperature profilers are given in Table I .
To measure total water vapor content at each 4 s, a dual-channel microwave radiometer operating at 22.23 and 20.73 GHz was used. Such a radiometer allows us to correct the effect of clouds during measurements [10] . The other microwave radiometer for water vapor had a central frequency of 140 GHz (near another intensive water vapor absorption spectral line). The signal from water vapor fluctuations in this line was three or four times more powerful at 140 GHz than at 22 GHz.
The sensitivity of both microwave radiometers was 0.15 K at 4 s integration time. It permitted to measure changes in total water vapor concentration as low as about 0.01 g/cm 2 . For radiometer calibration to be done every 30 min, two microwave targets were used at two different temperatures. The calibration data were very stable. Continuous zenith measurements were made in cloudless conditions (an automatic video system was also used to monitor cloud conditions).
III. RESULTS
One of the most dramatic meteorological impacts of a solar eclipse is a change in surface temperature [3] . Changes in radiative heating or cooling of the atmosphere are felt in the atmospheric surface layer (ASL) where turbulence processes dominate in the mass, energy, and momentum transport. Not much effort was made so far to study turbulence in the ASL and by extension the ABL during solar eclipses [3] . In Fig. 1 , the dynamics of ABL temperature profiles during the day of the solar eclipse in Kislovodsk region is shown with a time interval of 5 min. The maximum temperature decrease (intended as the difference between maximum and minimum values observed measuring temperature trends versus time at a given altitude) during the eclipse was measured in Kislovodsk (3.9°C at 0-m altitude, and 2.0°C at 600-m altitude). In comparison, at Shad-Hgatmaz station it was 2.8°C at 0-m altitude, and 0.7°C at 600-m altitude. There, the temperature started to decrease simultaneously at different altitudes (from the beginning of the eclipse), while in Kislovodsk, it began falling at 600-m altitude about 30 min later than in the surface layer.
The temperature profiles at Shad-Hgatmaz mountain station and in Kislovodsk at the time of total phase are shown in Fig. 2 . A small inversion over the mountain site can be observed.
In 2008, at Novosibirsk and Kislovodsk, a small temperature inversion was observed in the suburb (Fig. 3) . Urban environment inhibited inversions development. The values of the temperatures decrease at different altitudes were calculated for all three eclipses, with a maximum in Kislovodsk at surface level (3.90°C) and lower values of 2.0°C at higher altitudes (Table II) . Our ground-based measurements of temperature changes were similar to the values reported previously [1] , [3] , [5] , [7] . The time shifting of the temperature minimum for different altitudes is given in Table III . We had a delay of about 30 min in altitude responses for Kislovodsk, and it was for different altitudes at different times. The same responses were observed on mountains site for all altitudes above 100 m, but simultaneously. In Novosibirsk, the minimum in temperature was recorded after 1 h from eclipse total phase for all altitudes at the same time, and in the suburb it was almost the same with a small 5 min delay for each of the altitudes.
In Moscow, during the partial solar eclipse of January 04, 2011, all the effects were not as pronounced as in Kislovodsk The minimum of total water vapor content of about 0.65 g/cm 2 was observed ∼ 40 min before the total eclipse phase.
DIFFERENT ALTITUDES DURING SOLAR ECLIPSES

Point of the Measurements and Time
On the day of the eclipse, starting from 14:00 local time until the total phase of the solar eclipse, there were considerable turbulent water vapor quasi-periodic pulsations as large as from 0.1 to 0.25 g/cm 2 , or more than 8%. Usually, the value of this fluctuation is lower than 0.02 g/cm 2 , which is ∼ 1%. The amplitude of these pulsations monotonically decreased during and after the eclipse, correlating well with the decrease of the temperature (Fig. 1) and with the decrease of the pulsations of the vertical wind velocity component (Fig. 5) . This indicates that the convection was weakened not only in the near ground layer, but also in the ABL up to about 2-km height (characteristic altitude of water vapor).
The observed quasi-periodic pulsations of water vapor content indirectly indicate the possible formation of a vertical circulation cell in the shadow area. The much moister air was removed from this part of the ABL due to increased pressure, and dry air entered from the middle troposphere. Such a type of circulation may give rise to internal atmospheric waves, which, in turn, cause quasi-periodic fluctuations in water vapor content in an atmospheric column.
We hope that our results will be useful for specialists in modeling of ABL dynamics and for testing radiative transfer model parameterizations (as a part of general circulation model) by comparison with observations [18] - [20] . The eclipse effect on meteorological variables was simulated using the weather research and forecast numerical model with excellent agreement with observations as it was indicated in an overview paper [3] . Observation results obtained during total solar eclipses also can be useful for future studies regarding the reduction of a solar radiation flux by a layer of artificial aerosols aimed at stabilizing the global climate at its present time.
IV. CONCLUSION
The comparison of the temperature responses during three solar eclipses showed that maximum decreasing of the temperature was in Kislovodsk (3.9°C at 0-m altitude and 2.0°C at 600-m altitude), whereas a lower decrease was observed in the mountain site (2.8°C at 0-m altitude and 0.7°C at 600-m altitude). The difference in temperature responses for urban area and suburb was the same as for mountains region (Kislovodsk) and for West Siberia territory (Novosibirsk). In Kislovodsk, it was ∼ 10°C and 0.60°C in Novosibirsk. The eclipse was not accompanied by decreasing turbulence intensity because of the increasing stability of the ABL. In 2008, at Novosibirsk and Kislovodsk, a small temperature inversion was observed in the suburb, while the urban environment inhibited inversions development.
The minimum of the temperature at 600-m altitude was with 30 min delay relative to the minimum on surface layer in Kislovodsk town [ Fig. 1(a) ]. The observational results of this paper will contribute to detailed model calculations for clarifying the meteorological effects of total eclipse of the sun. Apart from the development and introduction of any new measurement technology (in our case, microwave temperature profilers), the incorporation of the data into models and forecast methodologies will evolve with time. Through this evolution, the advantages and limitations will become more evident. 
